Compression involves adjustment of the phonetic details of tone realization to fit a tone sequence in the time available, while truncation involves deletion of a phonological tone, reducing a melody to fit the segmental material with which it must be associated. Seoul Korean appears to show truncation of tones in response to time pressure resulting from fast speech rate: the Accentual Phrase (AP) is canonically marked by a rise-fall-rise melody (LHLH), but at fast speech rates, APs can be realized with a rising F0 contour. Categorical tone deletion conditioned by speech rate would be theoretically significant because it would imply that a phonological operation can be conditioned by utterance-specific phonetic detail. However, analysis of the realization of the AP melody across a range of speech rates provides evidence that the apparent deletion of tones is actually the end result of compressing the final HLH sequence into such a short interval that the low tone is completely undershot and the two high tones are effectively merged. This analysis illustrates the general point that it is not possible to determine what phonological representation gave rise to a particular phonetic form without explicit analysis of the process of phonetic implementation. (Dankook University and Massachusetts Institute of Technology)
Introduction
It is a basic property of intonational tunes that they can be associated with a wide variety of segmental material. For example, the English rise-fall-rise tune, L+H* L-H%, can be associated with phrases that range in length from multiple syllables down to one, as in (1a) vs. (1b) (Ladd 2008: 181) . Associating a melody like this, which consists of multiple tones, to a single syllable is liable to subject it to time pressure. That is, the melody has to be realized in a short duration, and this can be problematic because there are limits to how fast pitch movements can be realized (e.g. Xu and Sun 2002) .
(1) a. L*+H L H% b. L*+H L H% A driving instructor? Sue?
It has been observed that languages adopt a variety of strategies for dealing with time pressure (e.g. Silverman and Pierrehumbert 1990 , Caspers and van Heuven 1993 , Prieto 2005 . A basic distinction has been drawn between compression, where the complete tune is squeezed into the time available, and truncation, in which one or more tones are deleted (Grice 1995 , Ladd 2008 : 181ff., Rathcke 2013 . The realization of the English L+H* L-H% tune on a monosyllable is an example of compression: the full rise-fall-rise F0 trajectory is realized by virtue of eliminating the Lplateau, lengthening the syllable, and perhaps increasing the rate of the F0 movements and decreasing their magnitudes. Truncation is exemplified by the Hungarian rise-fall question intonation (L* H L%). When this tune is realized on one syllable, the final low boundary tone, L%, is deleted, resulting in a rising contour (Ladd 2008: 182-3) . Multiple examples of both responses to time pressure have been reported -see Ladd (2008: 181ff.) for a review.
Truncation due to syllable count is usually analyzed in terms of constraints limiting the number of tones that can be associated with a syllable. In Hungarian, no more than two tones can be associated with a single syllable, so the tri-tonal question melody cannot be realized faithfully on a monosyllabic phrase. In English, on the other hand, such constraints are lowranked so there is no limit on the number of tones that can be associated with a single syllable.
The distribution of compression and truncation within and across languages is a matter of theoretical interest. In particular, it would have significant implications for the relations between phonetics and phonology if truncation of intonational tunes can occur in response to time pressure that results from fast speech rate. That is, time pressure arises when an intonational tune has to be realized in a short duration. The duration of segmental material depends on the nature of the segmental content and on speech rate. That is, a monosyllabic phrase is shorter than a polysyllabic phrase, other things being equal, but a monosyllabic phrase produced at a slow speech rate can be longer than a polysyllabic phrase spoken quickly. So time pressure depends on speech rate as well as segmental content. However, standard phonological representations abstract away from speech rate variation, so derivation of segmental durations in a particular utterance is analyzed as a matter of phonetic implementation.
Since truncation involves deletion of a tone from the phonological representation, truncation of an intonational melody as a result of high speech rate would imply that a phonological operation can be conditioned by the phonetic details of segmental duration, and thus that the phonology must have access to information about phonetic implementation. That is, phonology and phonetic implementation are more tightly integrated than is usually assumed (cf. Pierrehumbert 1980 , Flemming 2001 . If phonology has no access to phonetic implementation, then we would expect that compression would be the only possible response to time pressure resulting from high speech rate. Compression does not necessarily imply any change to the phonological tone sequence since it involves setting the precise timing of F0 events and the rate and magnitude of F0 movements, all of which can generally be analyzed as aspects of the phonetic implementation of a phonological representation.
However, it is not a simple matter to determine whether truncation can be conditioned by speech rate because it is often not simple to distinguish truncation from compression (Ladd 2008: 183) . Truncation is often identified based on impressionistic transcription of utterances with the aid of F0 tracks, but identifying the phonological tone sequence that gave rise to a particular F0 contour is not straightforward because the phonetic implementation of tones is non-trivial and language-specific.
In this paper we exemplify this problem with the intonational tune of the Accentual Phrase (AP) in Seoul Korean. The AP lies above the phonological word in the prosodic hierarchy of Korean, but often consists of a single phonological word (a content word plus any clitics or postpositions) (Jun 2000) . The canonical tune associated with an AP is illustrated in Figure 1(a) . This tune is analyzed as consisting of the tone sequence LHLH (Jun 2000) , and these tones are transparently reflected in the F0 contour: each L corresponds to a local minimum and each H corresponds to a local maximum (the final fall is due to the Low tone which begins the following AP).
Figure 1(b) shows the same AP uttered by the same speaker at a fast speech rate. The tune of the AP might be transcribed as LH since it involves a steady rise to a local maximum, followed by a fall to the Low tone that begins the second phrase. We will argue that this AP actually has an LHLH tune, but as a result of time pressure, the second L tone is not realized by a local minimum in the F0 trajectory. This analysis is viable because compression of a tune does not only involve shifting pitch movements closer together and accelerating the rate of F0 transitions, it can also involve reducing the magnitude of pitch movements, undershooting the targets for tone levels (Prieto 1998 , Ladd and Schepman 2003 , Ladd 2008 1 . An LHLH tune can be realized as the F0 contour shown in Figure 1 (b) if the final HLH tones are extremely crowded together, and the target for the 1 It is a source of some confusion that the terms 'compression' and 'truncation' have also been used to refer to these two strategies for fitting a tune into a short duration (Grabe et al. 2000: 162) . In these terms, compression refers to temporal compression of the F0 contour, with minimal reduction in pitch movements, while truncation refers to undershoot of tone targets with minimal change in the slopes of F0 movements. In practice, languages generally use both strategies to varying extents (e.g. Grabe 1998 , Grabe et al. 2000 . Here we use compression and truncation in the senses defined by Ladd (2008: 181) , as described above.
second L is undershot so severely that there is no corresponding F0 minimum. Given the extent of possible phonetic variation in the realization of a given tune, impressionistic transcription is insufficient to properly assign a phonological analysis to the tune of a particular utterance. This can only be done in conjunction with an analysis of the mapping from the phonological representation to phonetic realization. We exemplify this approach in a case study of the effects of time pressure on the realization of the Seoul Korean AP melody. This case study illustrates the difficulties of distinguishing truncation from compression, and ways to bring evidence to bear on this question through explicit modeling of the phonetic realization of tones. The results are consistent with the hypothesis that speech rate does not condition deletion of tones in Seoul Korean. This evidence comes from an experiment eliciting a substantial range of AP durations through variation in segmental content and speech rate. These data allow us to observe and model gradual reduction in the duration of the AP-final HLH sequence as AP duration decreases, with concomitant reduction in F0 lowering for the L tone. The resulting analysis derives the apparent truncation of L as the limit of these compression processes.
A key feature of the analysis is the assumption that compression does not involve uniform shortening or reduction of the F0 contour, rather some properties of the contour are prioritized over others, resulting in greater reduction of certain tones under time pressure. In this case, the duration and magnitude of the initial LH rise is prioritized over realization of the low target for second L tone, with the result that this tone can be completely obscured at fast speech rates. The broader goal of the experiment was to use speech rate variation to probe the nature and relative importance of the various targets that make up the Seoul Korean AP melody (cf. Caspers and van Heuven 1993) -see Cho (2011) for additional results and analysis derived from the same data set.
This paper is organized as follows. Section 2 describes the procedure and results of the experiment on the Seoul Korean Accentual Phrase. Section 3 provides analyses of the results, including a model based on weighted constraints. Section 4 presents general discussion and conclusions.
Experiment

Seoul Korean Accentual Phrase
As mentioned in Section 1, the canonical tune associated with an AP in Seoul Korean is /LHLH/, and we will refer to these tones as L1, H1, L2, H2 respectively ( Figure 2 ). There are two source of variation in this tune, in addition to speech rate. First, if the initial consonant of the AP is tense or aspirated, the initial Low tone is replaced by a High tone, and second, the full tune is only realized if the AP contains four or more syllables. In shorter APs, tones are deleted so there is no more than one tone per syllable. For example, an AP with three syllables typically has an [LH] or [LHH] tonal configuration (Jun 2000 , Kim 2013 ). We will argue below that this pattern is an example of truncation -that is, it involves true tonal deletion as opposed to phonetic compression. However, the experiment reported here includes only four-syllable APs beginning with consonants that are not tense or aspirated. 
Speech materials and methods
Speech materials consisted of 36 four-syllable APs. Each AP consisted of a three-syllable content word followed by a topic marker nun [nɨn], e.g. malineynun [maɾinenɨn] 'Mary's family is'. The three syllables in the content words were mostly open syllables (CV) to control for possible effects of syllable structure, but we also included some words that have closed syllables (CVC) in each position, roughly balanced, to give some variation in syllable structure across items. When the final syllable of the content word is a closed syllable, nun becomes an allomorph un [ɨn], triggering resyllabification. Therefore to allow closed syllables in this position we used another particle man [man] 'only' e.g. taytongkangman [tetoŋkaŋman] 'only Taytong River'. The phrases were followed by a carrier phrase (verb or adjective) with four syllables (See Appendix for the complete list). The consonants in the speech materials were mostly sonorants to facilitate pitch measurement, and a few lenis consonants were included when no real words were available with all sonorants. Tense or aspirated consonants were excluded throughout the speech materials because they are known to affect pitch levels of the following vowels. Vowel height was balanced among high, mid, and low in each syllable, in order to avoid possible effects of intrinsic vowel height (Ohala and Eukel 1987, Whalen and Levitt 1995) . In order to prevent speakers falling into artificially rhythmic speech, APs with a different number of syllables (3, 5, 6) were included as filler items (a total of 25 fillers). The order of the sentences was randomized subject to the constraint n wu n a n ey n u n L1 H1 L2 H2
Time ( that no more than two APs with the same length occurred consecutively. Speakers were first asked to read the sentences naturally, then as fast as possible, and then slowly but naturally. The whole set of sentences was repeated twice at each speech rate. The subjects were ten native speakers of Seoul Korean, five female (A1-A5) and five male (B1-B5). Eight speakers were in their 20's and 30's (graduate students); one male and one female speaker were in their 40's. None of the speakers reported any speech or hearing problems and they were unaware of the purpose of the experiment. The speech materials were presented on a sheet of paper, and the recording was made in a soundattenuated recording booth. Speakers used a head-mounted microphone (Shure SM10A) connected to a USBPre sound input device for preamplification and digitization. The digitized speech signals were recorded direct to disk using HairerSoft Amadeus II (version 3.8.4) on an iMac, at a sampling rate of 44.1kHz with 16 bits per sample.
The total number of recorded phrases was 2160 (36 targets × 3 speech rates × 2 repetitions × 10 speakers). 11 tokens were discarded because their pitch tracks were not measurable, so a total of 2149 tokens were used for analyses. The recordings were manually labeled for segment boundaries using Praat (Boersma and Weenink 2012) . After pitch tracks were smoothed using Praat's smoothing function, pitch targets (L1, H1, L2, H2) were located manually using 'Get minimum pitch' or 'Get maximum pitch' functions in a selected interval in Praat. The L and H tones were located based on F0 minima and maxima. Sometimes there was no F0 minimum corresponding to L2, in which case no measurement was recorded for that tone. After labeling, we collected the timing of each segmental boundary and the timing and scaling of F0 turning points using Praat scripts.
The results: variant realizations
The instructions to vary speech rate resulted in substantial variation in the duration of APs. In female speakers, APs were on average 1.6 times longer in normal speech than in fast speech, and 1.78 times longer in slow speech than in normal speech. In male speakers, the ratios are 1.6 (normal vs. fast) and 2.28 (slow vs. normal).
The Korean [LHLH] Accentual Phrase shows variant realizations depending on speech rate. Figure 3 shows pitch level values (Hz) for each tone (L1, H1, L2, H2) and the endpoint of the AP (APend). The values are plotted separately for female and male speakers. It can be seen that the AP melody is realized with two clear F0 peaks at normal and slow speech rates (Figure 3 (b) & (c) ). Note that the dip (L2) between two H tones is lower in slow speech than in normal speech, for both female and male speakers. On the other hand, there is often no clear dip between H tones in fast speech (Figure 3 (a) ), instead a plateau is observed. L2 was hard to measure in such cases. If there was a point that has even a very small pitch decrease between H1 and H2, that point was taken as L2, but if there was no such point, L2 was left unmeasured. (Figure 4(a) ) and a male speaker (B1) (Figure 4(b) ). It shows the first seven utterances in each speech rate, the first repetition per item. The numbers above each panel are item numbers (as in the Appendix), so each row shows how the same AP is differently realized depending on speech rate.
In the normal speech rate from the female speaker, all four tones are clearly visible. In the examples shown here the two peaks are similar in height. In fast speech, none of the utterances show two peaks, instead a single sharp peak (1), or a rise-fall with a broad peak or a high plateau (5,7) is observed. In slow speech, the most noticeable difference is the higher pitch of H2. This speaker also has a pause between the target AP and carrier phrase (not shown here) in slow speech. These two properties suggest that her target APs are also Intonational Phrases (IPs) in slow speech, with the extra high final peak indicating the presence of an IP-final boundary H%. However, not all speakers show this pattern. Some speakers produced extra high H2 in slow speech without a clear pause following the AP, and others produced a fall in pitch at the end of AP's in all speech rates (like speaker B1, Figure  4(b) ). Some within-speaker variation was also observed. In any case, in slow speech all four tones are clearly realized by F0 minima and maxima. Visual inspection of all the utterances indicates that those AP's which do not end in H% (i.e. those without an extra high H2) can be classified into the four shapes exemplified in Figure 5 . Patterns (a) to (c) in Figure 4 differ in their realization of L2 level: in (a) all four tones are fully and clearly realized, in pattern (b) L2 is undershot, so its pitch level is higher than L1, and (c) is realized with a high plateau following the initial rise, with no measurable drop in F0 corresponding to L2. These variants are associated with variation in speech rate. In normal and slow speech, all four tones are typically fully realized, as in Figure 5 (a) -in particular in slow speech the second L is almost always as low as or even slightly lower than the first L (L1 mean =156Hz, L2 mean=149 Hz, t(674)=13, p<0.0001 (paired t-test)). On the other hand, in normal and fast rates, the L is often undershot as in Figure 5 (b). L2 is often much higher than L1, so the L2 is realized merely as a shallow dip between two H peaks (in normal speech, L1 mean=159Hz, L2mean=171 Hz, t(589)=-17, p<0.0001 (paired t-test)). In faster speech, a rise-fall pattern with a high plateau, is often found, as in Figure 5 (c), so there is no dip between the two H tones. Finally, only at fast speech rates do we find a pattern such as Figure 5(d) , a rise-fall movement with a sharp peak. Table 1 gives preliminary evidence for the relationship between these patterns and speech rate. When there was only one rise-fall pattern, L2 and H2 were not measurable and thus given null values in our data coding. Table  1 shows the number of non-null values for a given tone, depending on speech rate. It can be seen that as speech gets faster, L2 and H2 get harder to locate, i.e. L2 and H2 were observable 9-10% of the time in fast speech, while L1 and H1 were observable close to 100%. In normal speech L2 and H2 were observable in more than 80% of utterances. The null values account for 15%, and arise from plateau patterns, where it is not possible to locate L2 and H2 properly. In slow speech, L2 and H2 were observable almost 100% of the time. In slow speech, on the other hand, non-null values in L1 and H1 are slightly less frequent (95%) than at the other two rates. This comes from the difficulties locating pitch turning points in extremely slow speech. Overall, as speech rate increases L2 and H2 are less likely to correspond to turning points in the F0 contour.
Analysis
Schematic representations and hypotheses
We have now seen in more detail that the second low tone of the AP tune, L2, can apparently be deleted at fast speech rate. However, we have also illustrated that this is only one of several variants of the canonical AP F0 contour where the others involve undershoot of L2 or production of a high plateau with no drop in F0 for L2. All of these patterns can be accounted for in terms of compression processes, as schematized in Figure 6 . The full realization of all four tones, at slower speech rates, is illustrated in Figure  6 (a). At somewhat faster speech rates, H1 and H2 are realized closer together, as in Figure 6 (b), resulting in less time for the fall-rise movement to realize L2, and thus undershoot of this tone target. As speech rate increases further, undershoot of L2 reaches the point where there is no F0 dip between H1 and H2 ( Figure 6(c) ). At the highest speech rates, H1 and H2 are so close together that they form a single F0 peak (Figure 6(d) ). According to this analysis, increased speech rate results in compression of the AP tune only, it does not result in deletion of any of the underlying tones. Our analysis and modeling in the following sections is divided into parts: (i) gradual undershoot of L2 in response to time pressure leads to the formation of a high plateau (changes from (a) to (c) in Figure 6 ) (Section 3.2) (ii) the high plateau shortens as speech rate increases further (changes from (c) to (d) in Figure 6 ) (Section 3.3).
Undershoot of L2
Undershoot of L2 can be understood as avoidance of rapid F0 movements, as illustrated in Figure 7 . Figure 7 (a) represents an F0 trajectory at a reasonably slow speech rate. In fast speech segmental duration decreases, so if the pitch level of H1 remains relatively stable, reaching the L2 target would result in a very steep fall, as shown by the solid curve in Figure 7 (b). Such a rapid movement can be avoided by undershoot of L2 (the dashed line), at the cost of falling short of the target for the level of L2. In other words, there are two conflicting targets involved: the magnitude of the fall (difference between the levels of H1 and L2) and the slope of the fall. It is not possible to satisfy both at the same time under time pressure. If the L2 target is reached, the slope must be steep; if the slope of the fall is kept gentle, then the target level for L2 cannot be reached under time restrictions. There are various other ways in which a steep fall could be avoided, for example H1 could be aligned earlier in order to leave enough time for the fall, or the level of H1 could be lowered. We have already observed that the level of H1 is not lowered with increasing speech rate -if anything the level of H1 increases in fast speech (Section 2.3, Figure 3 , especially in male speakers)). Previous studies have shown that the former strategy is not adopted in Seoul Korean, either. H1 is aligned near the middle of the rime of the second syllable, but at fast speech rates it shifts gradually later relative to this anchor to avoid making the initial rise too short (Cho 2011) . On the other hand, L2 is consistently aligned near the middle of the third rime, with very little variation due to speech rate (Cho 2010: 51) . Figure 8(a) shows the timing of H1 and L2, together with their segmental anchors ('H1A' the anchor for H1, the middle of the second rime; 'L2A' the anchor for L2, the middle of the third rime). Local speech rate, plotted on the x-axis, is the inverse of the total duration of the second and third syllables, the syllables with which H1 and L2 are associated. As speech rate increases, H1 is delayed relative to its anchor, whereas L2 is not delayed, so the interval between H1 and L2 steadily decreases as speech rate increases. As a result, if the low target for L2 were fully realized, the slope of the fall would be very steep at faster speech rates. Instead L2 is realized higher than its target level. That is, staying close to the target duration for the initial rise, maintaining the alignment target for L2, and avoiding fast pitch movements are prioritized over reaching the F0 target for L2, with the result that this target is undershot under time pressure. Figure 8(b) shows the changes in the pitch levels of H1 and L2, depending on speech rate, for one female speaker. L2 is affected more by speech rate than H1 is, conforming to our previous observations. H1 slightly increases in faster speech. The difference between H1 and L2 shows that the magnitude of the fall (H1-L2) decreases as speech rate increases. The level of H1 and L2 is expected to converge at high speech rates, at which point there is no F0 minimum corresponding to L2.
The timing of H1 has been analyzed in terms of a compromise between constraints on the alignment of L1 and H1, and on the duration of the rise between them (Cho 2010 ). Here we propose to extend this analysis, modeling undershoot of L2 as a function of the duration from H1 to L2 in terms of additional weighted constraints (cf. Flemming 2001 , Cho 2010 , 2011 . As previously mentioned, there are two targets: a target for the magnitude of the fall from H1 to L2 ('M' in Figure 9) , and a target for the slope of the transition from H1 to L2 ('S' in Figure 9 ). 'D' is the duration of the fall from H1 to L2. Figure 9 . Targets in the falling movement from H1 to L2. D: duration, S: slope, M: magnitude These targets are enforced by constraints that penalize deviations from them, as shown in (2). That is, the constraint for magnitude requires the magnitude of the fall, M, to be equal to the target magnitude, T M and the slope constraint requires the slope, S, of the fall from H1 to L2 to be equal to the target slope, T S . Deviation from a target incurs a cost equal to the square of the deviation, multiplied by a constraint weight (Flemming 2001) . M, S, D are not independent, so one must be calculated from the other two. In (2) M is replaced by S(L-H) (Magnitude=Slope × Duration) for computational simplicity.
(M: actual magnitude, S: actual slope, T M : target magnitude, T S : target slope, H: timing of H1, L: timing of L2, w M , w S : positive weights)
These are conflicting constraints because, given a particular duration D from H1 to L2, achieving a fall with magnitude T M implies that the slope must be T M /D, and this will not generally be equal to the slope target T S . So it is not generally possible to realize both slope and magnitude targets. The actual slope and magnitude are selected so as to minimize the weighted sum of the violations of these constraints (3). The minimum of the cost function in (3) is found by taking the first derivative of the cost function and finding where this derivative is equal to zero. In this way we can derive an expression relating optimal fall magnitude (M) to Slope (S) and fall Duration (D), as in (4). The expression (4) implies that fall magnitude should approach 0 at very short durations and target magnitude (T M ) at very long durations. (4) We fitted the expression in (4) to the data as a non-linear mixed effects model using the nlme function in the nlme package (Pinheiro et al. 2015 Figure 10 shows the relationship between fall magnitude and fall duration for individual speakers, with curves representing the model fitted to the data. As can be seen, the model captures key properties of the data. Overall, the magnitude of the fall tends to increase as fall duration increases, and, given sufficient duration, the magnitude of the fall asymptotes to a maximum value, analyzed here as the target, T M (e.g. A4, B2, B5) The population estimate for T M was 42 Hz, but magnitude targets varied substantially between speaker (standard deviation of the random effect was 26 Hz). The individual estimates for T M are closely correlated with the median of the magnitude of the rise from L1 to H1, both across and within genders. This suggests that T M depends on the overall pitch range adopted by a speaker. The male speakers tend to have narrower pitch ranges than the female speakers but there is overlap between the groups. Slope target (T S ) was not significantly different from 0 (estimate= -0.04 Hz/ms, p=0.37). A slope target of 0 implies a preference not to change F0 and can be interpreted as a preference to minimize the effort involved in F0 production (cf. Lindblom 1963 , Flemming 2001 . The weight of slope target (w S ) for the population is 26997.
Plateau shortening
The analysis so far accounts for progressive undershoot of L2 as speech rate increases, culminating in realizations in which there is no dip in F0 corresponding to L2. However, we still need to account for the difference between realizations with a high plateau realization of the H1-L2-H2 sequence ( Figure 5(c) ), and those with a sharp peak only ( Figure 5(d) ). According to our analysis, extreme undershoot of L2 yields the high plateau pattern, and further time pressure results in gradual shortening of the plateau as H1 and H2 move closer together. To test this interpretation, we measured the duration of the high plateau as the interval around the F0 peak where F0 is higher than 80% of the rise from L1 to H1, as illustrated in Figure 11 . According to this measure, a high plateau has a relatively long duration, while a sharp peak is shorter. Figure 11 . Measurement of plateau duration -for a plateau and for a sharp peak. The middle vertical line is the location of the F0 peak, the interval between the left and right vertical dotted lines is the measure of plateau duration.
Plateau duration is plotted against AP duration, pooled across speakers, in Figure 12 , for all utterances with no F0 minimum corresponding to L2. AP duration is shorter in faster speech and longer in slower speech, so it reflects speech rate. It can be seen that plateau duration tends to shorten as AP duration decreases (p<0.001). We can also see that the distribution of plateau durations is continuous -that is there is not a bimodal distribution of plateau durations which could indicate a discrete distinction between presence and absence of a tone. Thus, the results are consistent with the view that the apparent deletion of L2 at high speech rates is in fact the result of compression not truncation -that is, it is the result of proximity between H1 and H2 and concomitant undershoot of L2 rather than being a result of tone deletion. 4. Discussion and conclusion
In this paper we have investigated whether tones can be deleted in response to time pressure due to speech rate, based on a case study of the Seoul Korean AP melody. We have seen that L2 of the L1 H1 L2 H2 Accentual Phrase melody can apparently be deleted, resulting in a rising F0 contour, but we have also seen that this is only one of several variants of the canonical melody. As speech rate increases, first we observe undershoot of the L2 target, progressing to complete undershoot of L2, yielding a high plateau, with a peaked rising F0 trajectory only occurring at the fastest speech rates. This progression of F0 trajectory shapes can be analyzed in terms of compression processes: as speech rate increases, constraints on the timing of H1, L2 and H2 place them closer and closer together, resulting in more and more undershoot of L2. The apparent deletion of L2 is the natural end-point of these gradual compression processes, and thus does not involve tone deletion. So Seoul Korean provides no evidence that phonological tone deletion can be conditioned by speech rate.
Seoul Korean does provide a clear example of truncation which can be contrasted with the compression processes discussed so far: Tones are deleted when the AP melody is realized on APs with less than 4 syllables. Three-syllable APs are never produced with an LHLH tune, instead they are realized with only one F0 rise, i.e. a [LH] or [LHH] tune (Jun 2000 , Kim 2013 ). The resulting F0 contours can be quite similar to the compressed pattern observed on four syllable APs at the fastest speech rate, but the compression-based analysis developed above cannot be extended to account for the pattern of truncation observed in three-syllable APs because it applies at normal and even slow speech rates and thus cannot be the result of time pressure. This pattern of truncation can be analyzed in terms of a constraint banning association of more than one tone to the same syllable, a more stringent version of the constraint operative in Hungarian (section 1) 2 . So both truncation and compression of the AP tune occur in Seoul Korean, but truncation is only conditioned by a constraint that bans more than one tone target being associated with a single syllable, whereas compression is conditioned by phonetic duration. Interestingly it is L2, which is most prone to phonetic reduction, which is deleted first in three-syllable APs, yielding an LHH tune.
This study has two further implications of general significance for the analysis of tonal phonetics and phonology: (i) The analysis shows that compression does not involve uniform shortening or reduction of the F0 contour, rather some properties of the contour are prioritized over others, resulting in greater reduction of certain tones under time pressure. In this case, the duration and magnitude of the initial LH rise and the alignment of L2 are prioritized over hitting the pitch target for L2 with the result that this tone can be completely obscured at fast speech rates. The relative prioritization of targets can be formalized in terms of weighted constraints. We have developed a portion of this analysis quantitatively, with reasonable fits to the experimental data. (ii) Our results show that it is not easy to distinguish compression from truncation. The tonal analysis of an F0 contour can only be determined through explicit analysis of the grammatical mapping from tones to F0 (cf. Pierrehumbert 1980 
